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Introduction
Creativity and innovation play a pivotal role in engineering, especially because of the complex, ambiguous, and varying contexts in which engineering design occurs. Creativity is defined as departing from norms through divergence, making unusual associations, and seeing unexpected solutions. 1 However, engineering education often focuses on solving convergent and welldefined analytical problems; even when divergent thinking is considered, there is limited attention to exploration of the problem space 2 . We define problem exploration as the generation of alternative views or perspectives on a problem in order to discover alternative solutions. Knowledge about how to explore problems is important for improving engineers' understanding of perceived problems, and turning them into successful design solutions. 3, 4 Since problem exploration should occur in the early stages of design, it has the potential to affect the creative direction of all succeeding stages. 5 Despite the significance of reformulating or reframing the problem to provide new opportunities for solutions, problem exploration methods are not generally offered in engineering classes. If taught, the focus is typically on information gathering techniques, such as competitive analysis feasibility studies, and heuristic evaluations, instead of concrete, actionable techniques to restructure the problem space. [6] [7] [8] [9] [10] Thus, this study investigated the cognitive processes engineers use to explore and redefine presented problems, with the ultimate goal of developing tools to support broader explorations of problems in engineering design.
Background
The importance of problem exploration is due, at least in part, to the strong relationship that exists between the representation of a problem and the domain of solutions and ideas that the representation can produce.
11,12 Duncker 13 described the process of finding a solution as a continual restructuring of the problem; over time, this problem restructuring can lead to the discovery of "essential" properties of the solution that will, in turn, help dictate an appropriate solution to the given problem. This simultaneous development of both a solution to the problem and an understanding of the problem itself is also called "problem-solution co-evolution". 14, 15 Design researchers have generally focused their attention on the design, implementation, and evaluation stages of a design process 16 rather than on how the dialog between problems and solutions could affect the solution space.
Identification, development, and pursuit of alternative problem definitions are skills that are rarely taught, developed, or assessed, but are essential to engineering excellence. 17 In a study by Cross and Clayburn, 18 each of the expert designers explored the problem from a particular perspective in order to frame it in a stimulating and productive way, challenging themselves to innovate. In another study, the time spent on problem definition -particularly at higher levels of abstraction -was positively associated with client satisfaction in students' design projects. 19 This supports the claim by Adams and Atman 20 that problem scoping tended to be positively associated with performance, both in terms of design quality and efficiency in the design process. Although research conducted on problem exploration has showcased its importance in engineering design, very little is known about how problems are discovered and formulated. 21, 22 Prior research has used other language to define problem exploration processes --problem finding, problem framing, and problem definition (defined in Table 1 ). Problem exploration, as a process, encompasses these overlapping terms. All three terms refer to the early identification of the problem space during problem solving. Table 1 . Synthesized definitions of problem finding, problem framing, and problem defining.
Process Description

Problem finding
Changing the ways problems are envisaged, posed, formulated, and created 21, [23] [24] [25] [26] [27] [28] [29] Problem framing
Altering perspectives about a problem description to reveal patterns of reasoning and problem solving that are associated with a particular way of "seeing" the problem, and leading to a possibility to "act" within the situation 11, 14, [30] [31] [32] [33] Problem defining
Considering the goal or ideal state desired in order to define how much of the problem exists, whether it is worth solving, and even whether or not there is a problem 34 By changing the understanding and formulation of the problem, a different space of possible solutions emerges. We propose that there is an initial search to "find the problem." 27, 35 To illustrate, the white target shapes in Figure 1 below (Circles II and III) represent problem framing. As a consequence of the problem framing, the search space for solutions may be altered in differing ways, and will impact the number and types of solutions designers can identify. In the first diagram (Circle I), the same solution space depicted above appears. In Circle II, the problem space has been altered by the designer's restructuring, or framing, of the problem. The resulting problem frame has emphasized a portion of the solution space where the designer can envision potential solutions. This results in some solutions becoming no longer accessible because of the problem frame selected. In Circle III, the designer has redefined the problem again, resulting in access to a new, larger area of the solution space that includes novel designs not previously accessible. Figure 1 . Depiction of the role of problem framing in limiting or opening areas of the solution space
Existing Strategies for Problem Exploration
Some existing techniques have been proposed to help guide engineers in framing and defining design problems. Table 2 provides an overview of current problem exploration techniques found in design literature. All of the techniques propose "trigger questions" that may assist engineers in critically assessing the presented problem and further defining it. One approach offered by MacCrimmon and Taylor identified complexity as a limitation in problem formulation, and provided a review of decision strategies to overcome it. 36 These include: 1) determining the problem boundaries, or examining the assumptions; 2) examining changes, or focusing on any alterations in the problem description; 3) factoring into sub-problems using methods such as morphological analysis 37 and attribute listing 38 , and 4) focusing on controllable components, or selective focusing. 39 Fogler and LeBlanc's 40 textbook on Engineering Problem Solving also proposed several strategies to assist in defining the "real problem" underlying a given engineering problem. These include: 1) employing critical thinking questions to identify assumptions and explore differing viewpoints; 2) using "present state/desired state" analysis and Duncker diagrams 34 to analyze the differences between the current situation and end goal; 3) using Parnes' statement-restatement method. 41 which suggests prompts to help revise the problem statement (e.g., "place emphasis on different words and phrases"); and 4) using the Kepner-Tregoe problem analysis technique 42 focusing on four problem dimensions (identify, locate, timing, and magnitude) through prompted questions (e.g. "What is the problem versus what is not the problem?").
Two strategies, "5 Whys" 43 and Spradlin's Problem Definition Process 44 , have been documented for their use in professional engineering settings. The "5 Whys" technique, documented in use within the Toyota Motor Corporation, repeatedly asks, "Why?" in order to explore the cause and effect relationships underlying a problem. Spradlin's 44 strategy has been used to help companies solve problems and includes steps for defining them. The steps include establishing the need for a solution (e.g. basic need, desired outcome, and benefits), justifying the need, contextualizing the problem, and writing the problem statement. 13, 34 Critical Thinking Algorithm
Process to recognize underlying assumptions, scrutinize arguments, and assess ideas and statements using Socratic Questions to prompt the designer 40, 46 Parnes' statement-restatement method
Method to evolve the problem statement to its most accurate representation of the problem using different triggers such as "place emphasis on different words and phrases" 41 
Kepner-Tregoe problem analysis technique
Technique that determines the "four dimensions of the problem" including identify, locate, timing, and magnitude by determining the distinction between "is" and "is not" 42 
Whys
Technique that involves asking questions ("Why?") until you get to the root cause of the problem 43 
Attribute listing
Method that involves listing attributes of the problem space, considering the value of each attribute ("what does this give?"), and modifying attributes to increase value, decrease negative value or create new value 38 Selective focusing Technique that focuses on the problem components that can be manipulated 39 
Spradlin's Problem-Definition Process
Process that includes establishing the need for a solution, justifying the need, contextualizing the problem, and writing the problem statement 44 While some of these existing problem exploration techniques have likely been used in engineering curricula, their effectiveness has not been empirically examined, and there is no evidence that the introduction of any of these methods successfully impacts problem exploration or solution outcomes. Further, there is no existing knowledge of whether the use of these techniques would increase the likelihood of creating innovative solutions. In addition, these strategies did not arise from an analysis of engineers' problem exploration phases; instead, they are prescribed methodologies for exploring the problem within a more general approach to problem solving processes. The aim of the paper is to examine how engineering students uncover problems and solutions, and to identify a set of cognitive strategies for exploring problems.
Problem Exploration Heuristics
Expert engineers usually explore problems in an intuitive and tacit manner; however, they may not be consciously aware of the strategies they employ in the problem exploration phase. 47 Thus, we propose that engineers use cognitive heuristics in order to produce varied perspectives during the problem exploration stage of design. Specific problem exploration heuristics may help the engineer to explore the problem space, leading to the generation of multiple problem frames to consider. Problem exploration heuristics may also support the engineer in generating novel approaches to presented problems, and provide opportunities for surprising, uncommon descriptions that lead to innovative solutions.
The term "cognitive heuristic" comes from the judgment and decision making literature, and refers to cognitive "short cuts" people use in complex problem solving.
11 Problems that lead to creative solutions are rarely solved with systematic, linear approaches; instead, people often use heuristics to "guess" at possible pathways to solutions. 48 Recent work argues that heuristic use is highly advantageous in most situations; [49] [50] [51] more specifically, in the idea generation phase of design. 47, [52] [53] [54] [55] [56] [57] [58] Behavioral research also shows that experts utilize heuristics effectively, and that heavy use of heuristics distinguishes experts from novices. 59 Some research even suggests that heuristics can sometimes lead to optimal solutions when they are focused on key variables in the problem space. 60 In a previous study, cognitive heuristics were extracted from the problem exploration processes of expert engineers and designers through their work on crowd-sourced design problems. 45 The results demonstrated that problem exploration heuristics are indeed evident and effective in problem definition either prior to, or in parallel with, idea generation. For example, the heuristic Select a subgroup as the primary stakeholder was extracted from several engineering design problems and solutions. Using this heuristic, an engineer would 1) brainstorm different subgroups within the given stakeholder group; and 2) select one of the subgroups as the new primary stakeholder to focus the intended solution. This paper will further examine problem exploration heuristics employed by engineers through protocol analysis.
Research Questions
Given the critical connection between the quality of design problems and innovative solutions, 14, 15 we seek to establish how cognitive heuristics promote exploration of the problem space to increase innovative outcomes. In the present study, we were guided by the following research questions: 
Research Methods
A think-aloud protocol and retrospective interviews were combined to gather data from engineering students of varying levels of expertise while they explored and defined problems. The "think-aloud" or verbal protocol is a research method in which subjects speak their thoughts aloud as they solve problems or perform a task. Think-aloud protocols allow researchers to gain an in-depth understanding of the cognitive processes of participants involved in the study. 61 . Ericsson and Simon 62 have demonstrated the validity of verbal protocol analysis, and argue that think-aloud procedures reveal a sequence of considered information without altering cognitive processes. The resulting data can be treated as objectively like other behavioral data. Thus, it is assumed that cognitive abilities such as memory, decision making, problem-solving, perception, and summarization are not altered when participants are asked to verbalize their thinking as they work on tasks. Participants were also asked a series of questions in a retrospective interview at the end of the session in order to uncover their own interpretation of their thought processes during problem exploration. Retrospective interviews have been used in previous studies analyzing expert designers' concept generation from differing perspectives, 53, 63 and have provided an improved understanding of designers' strategies in solving engineering problems.
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Participants. Participants were recruited from the Mechanical Engineering undergraduate and graduate programs at a large Midwestern university. In the present study, we report findings from a set of five participants chosen from a larger study. These five participants were chosen based on both the quantity and the quality of the think-aloud data they provided. In addition, these five cases represent a range in domain experience, as well as a range of perspectives considered on the same design problem given. The demographics for the participants selected for this study are provided in Table 3 . Procedure. Participants completed a one-page demographic survey at the beginning of the study to collect information regarding gender, classification (undergraduate/graduate), and major and were then instructed about the study procedure. For the first task, the participants were given the design problem and asked to generate as many possible solutions as they could think of in the 25 minutes allotted. They were asked to speak out loud, verbalizing any thoughts they had as they wrote notes and/or sketched solutions. Participants were provided with multiple sheets of blank paper to capture the concepts generated, and an audio recorder was on throughout the study. After 25 minutes passed, or the participants had exhausted their ideas (no more than five minutes early), they were asked to describe the problem statements from each of the solutions they generated on additional formatted sheets of paper. The specific prompt for this task was: Participants had a total of 15 minutes to write a problem definition for each of their solutions. Next, a retrospective interview took place where the participants were asked a series of questions to gather additional insight into their thoughts while defining their problem statements. At the end of the study, participants were also asked a series of questions regarding their previous experiences with problem exploration in both professional and educational contexts. The full set of questions is provided in Table 4 . A summary of the tasks involved in the study as well as the time allotted for each task is provided in Table 5 . o What were the differences from the given problem? 2. Do you typically focus on the problem given to you or do you take time to explore the problem first? Data Analysis. First, the think-aloud data were transcribed for each of the five participants. The transcriptions, the generated concepts (notes and sketches), and the written problem statements were then simultaneously analyzed by two experienced coders with backgrounds in engineering. For the analysis, each solution was classified ("what was designed?"), and each problem statement was broken down into components (including who the intended solution was for, where the solution would be used, what conditions the solution would be implemented in, and any added constraints, criteria, or assumptions the participants stated in their defined problems). The verbal protocol data were then analyzed, and any additional verbal descriptions not explicitly stated in the problem statement were added. Each component of the problem statement was then compared to the presented problem, and brief descriptions of changes were documented. For example, one participant explicitly stated that a planned solution would be used during a tornado, which narrowed the scope to a specific, rather than general, "natural disaster" as specified in the presented problem. The coders worked independently, and then discussed any disagreements to come to consensus. Figure 2 provides an illustration of the data analysis process. Figure 2 . Illustration of the heuristic extraction process used in analyzing the data Next, the two coders worked together to define a specific heuristic that matched each of the described changes from the interpreted problem statement. The 42 problem exploration heuristics extracted in a prior study 64 were used as a starting point, and new proposed heuristics were added and existing ones were modified as needed. The two coders compared their analyses and agreed upon a common set of problem exploration heuristics observed in the participants' descriptions.
This study captured the initial stages of both problem exploration and solution generation processes, and did not follow the designers through further idea development and iteration (such as stakeholder feedback, where the practicality and feasibility of the designs might be assessed). Therefore, for this study, we did not evaluate the concepts or revised problems with regard to the quality of the proposed solutions; instead, we focused on the ability of the participants to reframe the presented problem into alternative definitions.
Results
Each of the participants created at least four different solution concepts during the 25 minute idea generation task, along with matching revised problem statements during the later problem definition task. This resulted in a total of 28 distinct problem statements (N=5.6, with a range of 4 and 9).
Research Question 1: How do engineers explore design problems and what heuristics do they use in this exploration?
The use of problem exploration heuristics was evident in each of the problem statements defined by the engineering students. Each case is described below, including the heuristics applied within the context of the participants' defined problem statements. We present the results of the analysis of Engineer 1's protocol by detailing each generated solution and problem definition separately, for a total of six concept/definition pairs, to fully demonstrate our data analysis process. The remaining participants' concepts, problem statements and heuristics are summarized briefly and detailed in one consolidated table at the end of each case explanation. Case 1. Engineer 1 focused all of her concepts on devices that victims can use after a disaster occurs. For the first concept, she developed a plywood house with a tarp/curtain door. Throughout her idea generation process, she significantly narrowed the problem by deciding to focus on providing shelter for disaster victims (Break down the primary need), selecting families as the main stakeholder group (Break down the primary stakeholder), and concentrating on tornado disasters instead of all types of disasters (Focus on one scenario). She also analyzed the setting where the solution would be used and focused on the part of the given problem statement that said electricity would be scarce (Define the characteristics of the setting) and added that only easily salvageable materials would be available (Describe the material characteristics). Furthermore, she thought about the needs of the users, in this case, families, and added the need for privacy and comfort after the disaster takes place (Determine the end user and detail their needs). She also determined the operational requirements of the intended solution by stating the need for it to operate for an extended period of time (Detail the operational requirements). By examining the problem as a whole (the scenario, the setting, the users, etc.), the participants also determined that the solution needed to be cheap (Determine the required cost). Tables 6 through  11 show this participant's concept sketches and descriptions, interpreted problem statements, the heuristics identified from the transformation of the initial problem statement, and a description of the heuristics in the context of the problem. The second concept was a hand crank generator that can be used by every day citizens. Similar to the first problem statement, the engineer narrowed the focus of the problem by breaking down the primary need. In the second problem, she decided to focus on providing power/electricity to those in need, and providing power at little cost, again defining the cost requirements. She also expanded the number of scenarios the solution could be used in by not specifying that it needs to be used in a disaster area, but instead, stated that it could be used anywhere with limited or no power available. The problem and the extracted heuristics are represented in Table 7 . The third concept proposed pre-made walls that can be made "bigger for bigger families". Comparable to the first problem statement, the engineer narrowed the problem by focusing on providing shelter and selecting an earthquake as the primary scenario the solution would be used in. She also specified the need for the solution to be cheaper than a tent, providing a more specific cost requirement than the previous two problem statements. Again, she examined the needs of the end user and defined easily constructible and lightweight as new solution requirements in order for the users to be able to set up the shelter on their own. She also referenced Legos as conceptual inspiration. Like Legos, people should have the ability to easily put building block pieces together to create a shelter (Table 8) . The fourth concept presented solar panel trucks. The engineer focused the primary need on providing power/electricity to the victims of the disaster, and specified that electricity is hard to come by at the disaster site. The problem statement included the need for the solution to be mobile. She also thought about how the intended solution could be used by providing potential use cases including plugging in a fridge to save perishables (Table 9 ). For the fifth concept, the engineer proposed a jack for lifting heavy objects. Similar to the preceding problem statements, she chose to concentrate on one aspect of the problem to solve, but this time shifting the focus to rescuing victims. She selected an earthquake or a tornado as the primary setting for the solution. She examined user needs and determined that safety of all users was an important requirement. She also detailed the notable characteristics of the disaster setting including that professionals (i.e. rescuers) would not be available (Table 10) . 
The final concept was a rainwater collector/purifier. Similar to the other five problems, the engineer narrowed the focus of the problem to providing clean water, and selected flooding as the primary scenario, analyzed the disaster site, and specified that the town's water supply was undrinkable (Table 11 ). Engineer 1 narrowed the problem by breaking down the primary need into sub-problems, including shelter, power/electricity, rescue, and clean water, and by selecting one or more natural disasters where the solution would be used. This narrowing influenced the types of solutions that she generated. By examining the setting of the disaster, Engineer 1 determined the characteristics necessary to solve the problem. For example, by first noting that the town's water supply was undrinkable (problem statement 6), it was evident that providing clean water was at the top of the priority list and that a solution was needed to solve that problem. Examining the setting also allowed her to examine the required materials, the need for mobility, the resources available, and the operational requirements of the solution.
"Analyzing the end users" was another strategy also frequently utilized by Engineer 1. By doing so, she was able to come up with criteria that the solution must adhere to in order to meet the needs of the user, including privacy, comfort, and safety. When describing the first problem statement, she stated, "It's important to think about comfort when making it since 100 families just lost their houses and they may be there for a while." Defining cost requirements was also used in several problem statements, though less specific, by stating the need for a solution that was "cheap," "little cost," and "less than a tent." Problem statement 2 was the only statement in which the engineer expanded the problem from its original form. By stating that "the client is in an area where power is scarce," she opened up the potential solution space to include solutions that might account for blackouts or underdeveloped countries where power is always scarce, not just after a natural disaster occurs.
Case 2. Engineer 2 generated four concepts and derived four distinct problem definitions. All of the problems interpreted by the engineer were similar in nature, with a few recognizable differences that influenced the type of solution generated. He first decided to narrow each of the problems by focusing on providing food to the disaster area, with the last problem also focusing on scouting the area for survivors first. He stated that he first thought about "the requirement for a deployable device, how mobile it should be, how far it needed to travel every day, and how much food or what kind of supply I need to carry." In each of the problems, he also examined the disaster area, and added descriptions of the setting to the problem statements because "the given statement didn't mention anything about the conditions." This included adding detail on the condition of transportation and infrastructure (problem 1), stating that all roads are destroyed (problems 2 and 3), and stating that the level of damage and the number of injuries is unknown since the town is inaccessible to outsiders (problem 4). Problem 2 also noted that "the only way of transportation to the area is by air," which provided a focus on designing an aerial device.
Three out of the four problem statements focused on one particular natural disaster, with the first problem stated broadly, similar to the presented problem statement. The third problem focused on floods ("most of the area was filled with water"), which led the engineer to think about the requiring the device to be able to travel on both roads and water. All of the problem descriptions also contained detail on the operational requirements of the device. The first three problems specified that the device needed to be operated from a distance, while the final problem took it one step further and specified that the solution needed to be operable for at least 20 miles and to be autonomous (no user interaction while operational). By adding more descriptive requirements to the problem statement, the final generated solution was more distinct than the others. The heuristics extracted from each of the problem definitions and the description of the heuristic used in context are summarized in Table 12 . 
Interpretation of Presented Problem Heuristic Identified Heuristic Use in Context
"There was a disaster that damaged the road and regular cars can't travel thru. The road was covered in mud and a special transportation is needed to deliver food to the residents of the area."
Break down the primary need narrowed the focus to transportation and food delivery to the disaster area Define the characteristics of the setting added detail on the condition of transportation and infrastructure of the damaged area Detail the operational requirements specified that the device needs to be operated from a distance "There was a tsunami happened that destroyed all of the roads and other accessibility to the area. The only way of transportation to the area is by air. The device needs to be accessible to the area."
Break down the primary need narrowed the focus to transportation and food delivery to the disaster area Focus on one scenario selected a tsunami as the primary scenario the solution will be used in Define the characteristics of the setting stated that all roads are destroyed leaving air as the only option Detail the operational requirements specified that the device needs to be operated from a distance "There was a horrible flood in a residential area. Some of the roads was damaged and most of the area was filled with mud/water. The transportation device should be able to deliver food and travel both on ground and water." Break down the primary need narrowed the focus to transportation and food delivery to the disaster area Focus on one scenario selected a flood as the primary scenario the solution will be used in Define the characteristics of the setting stated that all roads are destroyed Detail the operational requirements specified that the device needs to be operated from a distance Detail the required functions specified the requirement to travel both on ground and water "A horrible earthquake just happened and we don't know the level of injuries inside the town since all the access to the town were destroyed. We need a smart device that can travel through the area and be able to look for people who still survive and provide them with food a necessity."
Break down the primary need narrowed the focus to scouting and food delivery to the disaster area Focus on one scenario selected an earthquake as the primary scenario the solution will be used in Define the characteristics of the setting stated that the level of damage or number of injuries is unknown; specified that the town is not accessible to outsiders Detail the operational requirements added the requirement for the device to be able to travel at least 20 miles; added the requirement for the device to be autonomous Case 3. Engineer 3 identified nine unique problem definitions and generated nine concepts. Similar to the first two engineers, he narrowed the problem by breaking down the need of the given description ("assist at the site of a disaster relief effort") into smaller sub-problems. Unlike Engineer 2, he focused on a variety of different aspects including providing shelter, water, and supplies (problems 1, 6), power (problems 2, 5), comfort (problem 3), communication (problem 4), survival (problem 7), and food (problems 8, 9). Also, in two of the nine problem descriptions, he decided to focus the solution on when a specific disaster occurs (problems 3 and 7), leaving others to incorporate all natural disasters. The engineer expanded the scenarios in which the solution could be used in problems 2 and 5 by stating that the device could be used anywhere electricity is not available and not necessarily when a natural disaster occurs. Problems 1-3 and 5 focused primarily on the mobility of the device to solve each of the corresponding problems interpreted by the engineer.
After narrowing the scope of the problem, the engineer examined the setting (the disaster area) and defined characteristics that he felt were important to know when designing the final solution. These characteristics included having no power available, possible rain showers (resulting in 'water-resistant' requirements), air as the only way to access the area, and people not being able to go in or out of the area. These descriptions provided a clearer direction for solving the problem, and ensured that all the conditions were taken into account. For example, problems 4 and 6-9 stated, "air is the only way to access the disaster area" in the problem description, which resulted in solutions that were airdropped from the sky. If this description of the setting was left out of the problem statement, a solution that needed to be transported by roads could have been generated which would not have been applicable for this scenario.
The engineer also specified primary uses of the solution in three of the nine problems in order to focus the set of potential designs. These uses included calling family or other help (problem 2), contacting other survivors (problem 4), and powering fridges to keep food safe and cell phones to call for help (problem 5). Cost was another aspect of the problem the engineer thought about when defining new problem statements which wasn't explicitly stated in the given problem. However, the cost requirements were left broad, only specifying the need for the solution to be "cheap". Problem 1 was the only problem where the engineer broke down the primary stakeholder group by specifying that the solution will be designed specifically for families. However, he did also explore the end user group and detail their needs by stating that the disaster victims will require privacy (problem 3), and a lightweight device so the users can construct the device themselves (problem 9). In problem 3, the engineer also explored a potential secondary function of the solution (not a must-have), adding that it could also collect rainwater in addition to providing a shower and bathroom to the disaster victims. He also showcased a new heuristic, Determine the context of operation. This heuristic refers to a condition that needs to be met in order for the solution to work. In the context of this problem, the engineer specified that sunlight is required to charge the device (problem 2) and heat the water (problem 3). The heuristics extracted from each of the problem definitions and the description of the heuristic used in context are summarized in Table 13 . Determine the end user and detail their needs added the requirement for it to be lightweight so users can construct the device themselves Determine the required cost specified the need for the solution to be cheap Case 4. Engineer 4 defined four unique problems and generated four concepts. All four of the problems related to one another in that the intended devices behaved similarly, but solved different needs. Problem 1 concentrated on providing electrical power for victims of disasters ("no electricity is available"), while the other problems focused on providing rescue, providing food, and providing shelter for disaster victims, respectively. In addition, all four problems focused on a device that would be used during natural disasters involving water. This distinction led the engineer to defining user criteria by stating "all these natural disasters, they involve water in some way, so the safety of the device (is important) to avoid electric shock". She also decided to focus all of the problems on designing a device that the rescuers could use, unlike the problem descriptions of the previous engineers, as well as the given problem, that focused on devices used by the disaster victims.
For problems 2-4, Engineer 4 outlined the required functions of the intended solutions after walking through each of the scenarios and determining what the device needed to do. She determined that the solutions would have to be able to navigate to a safe place after performing the primary functions of identifying and extracting victims (problem 2), carrying food (problem 3), and carrying items for shelter (problem 3). The engineer also determined that the last two solutions needed the ability to communicate with the rescue device (problem 1) for the purpose of navigating toward victims requiring food and shelter. The term "simplicity" was used often when generating the problem descriptions, and she stated the importance of "limiting the functions…so that we aren't complicating the functionality of it for the users" at the beginning of the task. This engineer also examined the operational requirements of the intended solution and determined that the solution of problem 3 needed to operate on its own in case communications were down at the rescue command center. She also specified in problem 1 that the device needs to last a long time without recharging or maintenance. Problem 3 also showcases a heuristic that was not seen in previous examples, called Describe the required dimensions. The engineer added a load requirement for the device, stating that the solution needed to be able to lift heavy objects (e.g., people). The heuristics extracted from each of the problem definitions and the description of the heuristic used in context are summarized in Table 14 . Case 5. Engineer 5 defined five distinct problems and generated five solution concepts, including two problems that solved different needs than those of the previous four engineers. Similar to the problem descriptions defined by the previous engineers, Engineer 5 narrowed the problem by breaking down the primary need into sub-problems, including providing power (problem 1), supplies (problem 2), and food (problem 4). However, he was able to come up with two other needs, including providing light to the disaster area during the night (problem 3) (even narrower than providing power), and providing medical care (problem 5) (narrower than providing rescue). In four of the five problems, the engineer decided to focus on one natural disaster where the solution would be used. In all but one of the problems, the engineer also specified that there is no electricity available, which was taken from the presented problem statement. The last two problems went further by stating that there's also no gas to cook food (problem 4) and that the local hospital is devastated (problem 5). The engineer also changed the primary user of problem 5 from the disaster victim to the medical team sent in to help victims, essentially taking away the requirement that the device needed to be operable by everyday citizens.
Engineer 5 added more detail to each of the problem descriptions in a variety of ways. In problem 1, he added operational requirements stating that the device needed to store a charge for 12 hours, and that the primary uses of the solution will be to charge laptop or mobile phone for communication. In problem 2, he added a secondary function of the device, "provide Wi-Fi," in addition to providing supplies (specifically, mobile batteries and dry goods). For problem 3, the engineer referenced glow sticks as a source of inspiration since they function similarly to the intended solution. The problem description also stated that solutions should consider using chemiluminescence as the material component. This engineer described the dimensional requirements in problem 4 by stating that the device needs to be small in order to be transported to the disaster site. In the final problem description, the engineer also stated that the primary function of the medical device is to check glucose levels of survivors, providing focus to the type of medical device designed. The heuristics extracted from each of Engineer 5's problem definitions and a description of each heuristic used in context are summarized in Table 15 . The five engineers seemed to be aware of their use of heuristics when generating their problem definitions during the retrospective interview; however, it's not clear whether they were aware of using certain strategies during the task of defining the problems. Each engineer articulated at least a few transformations after being prompted to describe how their problem definition was different from the presented problem (e.g., "Mine is narrower because…"). For example, Engineer 1 was aware she was considering a more specific natural disaster than presented, and that she added the specification for easily salvageable materials in her first problem definition. She explained that she thought about what materials were available at the location; however, she was unable to explain why she decided to focus on one natural disaster instead of all disasters. Engineer 3 recognized that he was being more specific in his problem definitions ("fits inside of but doesn't explain the original problem statement"), but he stated a few times that he didn't know why he did [narrow the problem]. Engineers 1 and 2 were initially confused by the extensiveness of the presented problem, and immediately asked several questions to better define it, demonstrating their discomfort with broad definitions and most likely their inexperience in problem framing. In addition, all of the engineers expressed some confusion about what it meant to define the problem descriptions, suggesting that it is not common practice in their training.
Discussion
The analysis of the think aloud protocols from engineering students showed that problem exploration indeed occurs, and is associated with making shifts in design decisions. In particular, Engineers 2, 3, and 4 immediately addressed problem requirements and set boundaries for the problem space prior to beginning to generate ideas: Engineer 2: "First I would think about what the requirements are for the deployment device, how mobile it should be, how far it needed to travel every day, or how much food or what kind of supply it needs to carry whether it's water or just food. I will assume that [it's for] a hundred people, and it's going to make several trips a day, so it needs to carry at least a decent amount of food for each trip." Engineer 3: "I'm going to write down some requirements. Setup, it needs to be intuitive and needs to be deployable in areas of disaster, like where tsunamis, earthquakes, or floods. Large population is made homeless, access to electricity. I don't think it would have to be self-sustaining…The power is self-sustaining. Should probably be water resistant at least because most of those listed there include water. It needs to help a lot of people at a given time." Engineer 4: "Okay, based on the constraints that are given here, first I'm trying to come up with a list of all the things that need to be satisfied design-wise…First thing that as I said is like a power source, then how it should last long, and then it should be compact. The second thing is all these natural disasters, they involve water in some way, so the safety of the device, it shouldn't shock the victims apart from the shock of the natural disasters, I meant electric shock, so safety. The next thing is the quick deployment and setup. It would be good to have a device which is already programmed to do a specific function so that they don't need to do a setup dance… The whole thing is since it should be operable by every citizens, simplicity on how it is". After a preliminary exploration of the problem, Engineers 2, 3, and 4 added additional context and requirements for each interpretation of the presented problem. Engineers 1 and 5 did not set any initial boundaries, but proceeded directly to idea generation while considering the problem simultaneously. These findings document how problem descriptions change in character as new solutions are created; with each iteration, the resulting solution shifted. Prior research identified a "coevolution" of problems and solutions rather than discrete, separable stages in the creative design process.
14 Our findings confirm the merged stages in some protocols, such as when Engineer 1 quickly identified shelter as the primary need, calling it was the "easiest to solve…being a mechanical engineer," and generated a solution with a plywood house with a tarp for the door. Engineer 1 also spoke about the need for "salvageable materials" in order for quick deployment of solutions.
The goal of this research was to identify heuristics for developing problems as employed in the 'fuzzy-front end' of the design process. To support this goal, three problem exploration heuristics were identified across all five cases described, suggesting common practices across engineering students at various levels. The heuristic, Break down the primary need, was seen in all 28 problem descriptions. This finding showcases the prominence of reducing, or narrowing, the scope of the problem during problem exploration. Previous research identified a similar strategy in the problem solving process ("defining a sub goal"), and it has proven to be effective in reducing the size of the problem space.
12, 65 Reed and Abramson 66 also determined that the specification of a sub-goal may be a useful teaching technique for students who cannot solve a presented problem. The other two commonly observed heuristics, Define the characteristics of the setting and Focus on one scenario, were extracted from 22 and 14 different problem descriptions, respectively. This suggests that converging on one situation, in this case a particular natural disaster, and defining characteristics of the locations where it would take place (e.g., infrastructure damaged by flooding), were recurrent exploration strategies used among the five engineers.
The heuristics, List individuals or groups that are associated with the given primary stakeholder, Describe the required dimensions, Focus on one setting, and Describe the required functions, were used more often by the more advanced students. However, the majority of the heuristics were observed relatively evenly across all participants. In addition, Focus on one setting was observed only once in the problem definitions (Engineer 5, problem 1), suggesting that this heuristic was not common among the five engineers. This could be explained by the nature of the design problem; because the focus was on designing a device at the site of a disaster, identifying a more specific setting isn't necessary to solve the problem. However, in a problem such as designing a playground, the setting may be more important to specify in order to explore, for example, the current landscape, the materials that can be used, and who would use the playground on a regular basis. Nevertheless, the analysis of the protocols from all engineering students involved in the larger study is necessary to accurately gauge the frequency of heuristic use.
The engineers tended to narrow the problem space by focusing on one or more of the following: a particular need, a certain type of disaster, a specific stakeholder/user, the limitations of the environment (e.g. the town is inaccessible), the specific ways the disaster victim could make use of the device, and the requirements such as cost, functionality, dimensions, means of operation, and user needs. Existing research has focused on problem reduction as a rational and efficient approach for complex problem solving; 66, 67 however, according to Maier, 68 the problem may never be fully understood or validated if focusing occurs too quickly. A solution may be to expand or broaden the scope of the problem in addition, or prior, to reduction. The heuristic Incorporate additional scenarios, extracted from three problem definitions (Engineer 1 and Engineer 3), demonstrates expansion of the problem space. The application of this heuristic allowed the two engineers to focus on solving a larger problem; in this case, providing electricity whenever and wherever electricity is not available. The solution could be useful in a disaster area, but it could also be valuable, for example, when a blackout occurs or in third world countries where power is not accessible at all times. Past research on problem exploration heuristics used by professional engineers and designers suggests evidence of both expansion and reduction strategies when exploring the presented problem. 45, 64 Excluding the three heuristics common to all five cases, each engineer seemed to have a particular pattern in exploring the presented problem. The engineers often used one or two heuristics prominently in each of their problem definitions that were not evident with the other engineers. For example, Engineer 1 focused on Determine the required cost in three of her five problem definitions; however, this heuristic was observed only twice in other cases. According to Shull et al., 39 an individual's life experiences play a major role in determining how a problem is perceived and approached. For example, a few engineers referenced information from their classes; for example, Engineer 1 stated, "we made those in [ME] 270 so it would not be that hard to make." Differing perceptions of uncertainty, complexity or conflict can lead two individuals, even with similar experiences (all Mechanical Engineering students) to employ two very different strategies of problem identification and formulation. 36 This might also explain variations in heuristic use among graduate students (Engineers 4 and 5) and undergraduate students (Engineers 1, 2, 3) due to differences in their educational and professional experiences.
While the evidence from these protocols reveals a consistent picture of heuristic use in problem exploration, only a small sample of five engineers trained in the same university program was included. Most importantly, only one problem was considered, and the presented problem is more similar to design competition challenges than to classroom problems, which tend to have more explicit constraints. It is likely that more open-ended problems are more amenable to exploration heuristics; however, it is unclear whether even more specific problems would also benefit from greater consideration of alternative problem perspectives. Another limitation is that the participants were asked to "talk aloud" during their solution process, which may lead to feelings of self-consciousness and inhibition of their natural cognitive processes. Although, prior studies have documented the use of talk-aloud protocols as a method for studying problem solving processes, and have shown the solution results to be consistent with control protocols without speaking. 62 Further studies are needed to establish the prevalence of the problem exploration strategies identified in this study.
The results of this work have implications for engineering design education as well as practice. Learning about heuristics for exploring problems will provide better ways of teaching about design processes for more innovative outcomes, which in turn, could produce better-rounded, creative engineers and designers. The goal of this study was to provide an initial characterization of the cognitive processes behind problem exploration by engineering students at varying levels. Future work will provide a detailed comparison of the patterns of thinking and heuristic use evident in explorations of the problem space by professional and novice engineers and designers. The identification of differences in students' behaviors and outcomes will support the development of instructional materials for problem exploration. Their dissemination in educational and industry settings will better prepare both future and current engineers for the challenges of solving increasingly complex real-world problems.
Conclusions
The importance of exploring the space of problems in search of varied perspectives cannot be over-emphasized. While some problem finding methods exist, none are based on theory, and there is no empirical evidence about their effectiveness in education or in practice. This paper reports on a systematic examination of engineering practices to identify strategies used in exploration of the problem space. Exposure to problem exploration heuristics and experience in applying them to many different problems may lead to the development of expertise in intentional variations of problem perspective. For many engineering students, simply having an arsenal of problem exploration heuristics might lead to improvement in problem exploration processes, and lead to more innovative solutions. The problem exploration heuristics identified in this study have potential for improving the practices of engineering students and practitioners, providing a method for learning when and how to apply them in new engineering problems.
